Twenty-four genetically stable temperature-sensitive mutants of measles virus were isolated after mutagenesis by 5-azacytidine, 5-fluorouracil, or proflavine. The restricted replication of all mutants at 39 C was blocked subsequent to cell penetration and could not be attributed to heat inactivation of virus infectivity. Complementation analysis was made possible through the use of poly-L-ornithine. The members of one complementation group exhibited wild-type RNA synthesis at the nonpermissive temperature and induced the synthesis of virus antigens. These mutants were found defective in both hemolysin antigen synthesis and cell fusion "from within," supporting the unitary hypothesis for these functions. The members of the other two complementation groups synthesized neither virion RNA nor detectable virus antigens at the nonpermissive temperature.
Despite extensive research conducted during the 20 years since Enders and Peebles (4) first isolated measles virus in a cytopathic cell system, little is known about the properties of measles virus leading to latency and neurovirulence. A relationship between temperature sensitivity and attenuation of neurovirulence has been demonstrated for poliovirus (19) and reovirus (5); and there is growing evidence that temperature-sensitive (ts) mutants may be involved in the mechanism of in vitro latent infections of measles virus (9, 17) . Furthermore, ts mutants have been extremely useful in the characterization of the biological properties of many viruses (7) . For these reasons, research was initiated to isolate ts mutants of measles virus to gain further understanding of the biology of this virus. We report in this communication the isolation and physiological characterization of 24 ts mutants of measles virus. We furthermore describe a method for the complementation analysis of mutants useful in virus systems where a high multiplicity of infection is not possible.
MATERIALS AND METHODS
Cells. BSC-1 cells, originally obtained from R. Dulbecco (Salk Institute, La Jolla, Calif.), were grown in glass prescription bottles in Eagle medium (basal medium with Earle saline) supplemented with 10% fetal calf serum, 10% tryptose phosphate broth, and 2 mM L-arginine (18) . Clone 1-5C-4 cells of the WongKilbourne variant of the Chang conjunctiva cell line were obtained from E. D. Kilbourne (Mt. Sinai School of Medicine, New York, N.Y.). These cells were grown in medium 199 supplemented with fetal calf serum and tryptose phosphate broth. All media contained 1 mg of NaHCOs per ml when a closed vessel system was used. The NaHCOs concentration was increased to 2 mg/ml in the presence of a 5% CO2 atmosphere.
All media contained 100 ug of kanamycin, 1 Ag of Fungizone, and 5 U of mycostatin per ml.
Virus. The parental measles virus was isolated from hamster cells latently infected with the passaged Schwarz vaccine strain (S-3 cells) by co-cultivation with BSC-1 cells at 39 C (9) . Schwarz measles vaccine virus (Dow Chemical Corp.), passaged three times in Vero cells, was the parental strain for one mutant (tsA). Virus stocks were prepared in BSC-1 cell monolayers at low (<0.01) multiplicity of infection. When extensive cytopathic effect (CPE) was observed, the suspension of infected cells was subjected to sonication (45 s) and then clarified by low-speed centrifugation (1,000 rpm for 10 min). Virus stocks were quick frozen in a dry ice-alcohol bath and stored at -70 C. All virus stocks were subjected to brief sonication (15 s) prior to experimental use.
Virus assay. Tris-buffered saline (pH 7.4, 0.025 M) containing antibiotics and 5% fetal calf serum was used as the virus diluent. BSC-1 cells in 60-mm plastic petri dishes were inoculated with 0.1 ml of the virus to be assayed, after the addition of 0.5 ml of the virus diluent to each dish to prevent drying of the cells during virus adsorption. After a virus adsorption period of 2 h at room temperature, the monolayers were overlaid with 6 ml of Eagle medium containing 1% agar (16) . Infected cultures were incubated at either 33.5 or 39 C (±0.5 C) in a 5% CO, atomosphere for 7 days. On day 6 postinoculation, 4 ml of Tris containing a 1:5,000 dilution of neutral red was added. Measles virus plaques were counted the following day.
Virus titers, expressed as PFU per milliliter, were based upon an average of three replicate cultures.
Virus mutagenesis. 5-Azacytidine (5-AC) and 5-fluorouracil have been described as mutagens for RNA-containing viruses (8, 20) . BSC-1 cells were grown in Eagle medium containing 10% dialyzed fetal calf serum (dialyzed medium). After infection at a low multiplicity with the parental virus, dialyzed medium containing 5-AC or 5-fluorouracil was added. After incubation at 33.5 C for 20 h, the medium was replaced with nondialyzed medium. At 48 h postinoculation, the virus was harvested as previously described.
Proflavine has been reported as a mutagen for measles virus (F. L. Black and Y. Yamzi, Bacteriol. Proc., p. 218, 1971). BSC-1 cell monolayers were infected as previously described. To minimize proflavine-mediated photodynamic inactivation of measles virus, the cultures treated with proflavine were exposed to a limited amount of light screened by a yellow photographic filter (Kodak OA, Rochester, N.Y.). Proflavine (2.5 to 7.5 Ag/ml) was present in the cell culture medium for 24 h, after which time the medium was replaced. Virus was harvested at 52 h postinoculation.
Mutagenized viruses were titrated by the plaque method in BSC-1 cells at 33.5 C as previously described. Virus stocks that were at least 100-fold lower in titer than the mutagen-free control were used for the isolation of mutants.
Isolation of mutants. Monolayer cultures of BSC-1 cells were inoculated with 5 to 10 PFU of mutagenized virus, overlaid with agar medium, and incubated at 33.5 C for 7 days. Measles virus plaques could be observed, without neutral red staining, as turbid areas when viewed in an indirect, diffuse light. The plaques were cored with a Pasteur pipette and suspended in 1 ml of virus diluent. After brief sonication, 0.5 ml of the plaque suspension was inoculated onto each of two BSC-1 cell monolayers grown in 35-mm plastic petri dishes. The replicate cultures were then incubated at 33.5 and 39 C and observed for the development of measles virus CPE. Those plaque isolates that induced syncytia at 33.5 C but not at 39 C were harvested, and the efficiency of plaquing at 33.5 and 39 C was determined. Any isolate whose efficiency of plaquing at 39 over 33.5 C was less than 10-2 was plaque-purified an additional time, and virus stocks were prepared.
Growth studies. Monolayer cultures of BSC-1 or clone 1-5C-4 cells, grown in 60-mm plastic petri dishes, were infected at low multiplicity. After virus adsorption at room temperature for 2 h, 5 ml of the appropriate medium was added, and the cultures were incubated at 33.5, 37, and 39 C. At fixed time intervals, the virus was harvested and stored at -70 C until assayed by the plaque method at 33.5 C.
Heat inactivation. Sonicated virus, diluted 1:3 with virus diluent, was decanted into tightly stoppered glass tubes in 1-ml amounts. The tubes were incubated at 39 C in a water bath. At 2-h intervals, tubes were removed, and the contents were quick frozen in a dry ice-alcohol bath and stored at -70 C until virus titration.
Cell penetration. The fetal calf serum was inactivated at 56 C for 45 min prior to its incorporation into the virus diluent and media used in this experiment. Diluted virus was inoculated into prewarmed monolayer cultures of BSC-1 cells grown in 60-mm plastic petri dishes. The cultures were then immediately incubated at either 33.5 or 39 C for 1 h. The diluent containing the unadsorbed virus was removed, and 1 ml of prewarmed (39 C) 10% heat-inactivated measles antiserum (1:320 neutralization titer) was added to each culture. All cultures were immediately incubated at 39 C for 1 h. After removal of the measles antiserum, the cell monolayers were washed twice with virus diluent and were then overlaid with agarcontaining medium. The cultures were incubated at 33.5 C, and the plaque numbers of three replicate cultures were averaged.
Complementation. All possible combinations of sonicated mutants were incubated at room temperature for 30 min in the presence of 1 jg of poly-L-ornithine per ml (molecular weight, > 165,000). The treated viruses were inoculated onto confluent monolayers of BSC-1 cells at an input multiplicity of 0.01 to 0.1 and allowed to adsorb for 2 h. The inoculum was removed, and the cell sheets were then washed once with Tris-buffered saline. After the addition of medium 199, the cell cultures were incubated at 39 C for 36 h and observed for the development of measles virus CPE. In addition, infectious progeny virus was assayed by the plaque method at 33.5 and 39 C. The index of complementation (6) was defined as: yield (X+Y) titrated at 33.5 C -yield (X+Y) titrated at 39 C/yield (X) titrated at 33.5 C + yield (Y) titrated at 33.5 C.
Determination of RNA synthesis. BSC-1 cell monolayers grown in dialyzed medium were infected at low multiplicity. After virus adsorption at room temperature and removal of the inoculum, dialyzed medium was added and the cultures were incubated at 39 C. At 24 h postinoculation dialyzed medium containing 25 Mg of 5-AC per ml was added, and the cultures were then shifted down to 33.5 C. The cultures were harvested at 60 h, and infectious virus was assayed at 33.5 C.
Indirect immunofluorescence. Serum from a patient with subacute sclerosing panencephalitis was obtained from David Fuccillo (National Institutes of Health, Bethesda, Md.). Hyperimmune rabbit sera prepared against purified measles nucleocapsids, spikeless (trypsin-treated) virions, and the small particle hemagglutinin were provided by Erling Norrby (Karolinska Institute, Stockholm, Sweden). The use of these sera in indirect immunofluorescence tests has been previously reported (15) . BSC-1 cells, grown on glass cover slips, were incubated after infection at 33.5 or 39 C for 24 to 36 h. The cultures were washed with warm Tris, air dried, and fixed with acetone at room temperature for 3 min. The cultures were then incubated with antiserum at 37 C for 30 min. After several washes with warm Tris, the cultures were incubated at 37 C for 30 min with fluores-VOL. 16, 1975 200 ,ug of 5-fluorouracil per ml, or proflavine at a concentration of 7.5 gg/ml. These virus stocks were used for the isolation of ts mutants. Of 2,649 plaques examined, 2,348 (88.6%) yielded infectious virus. Twenty-four genetically stable mutants were isolated using the methods previously described. As the mutants were selected on the basis of inability to form plaques at 39 C, the efficiency of plaquing at the restrictive temperature is a measure of the reversion frequency of the mutants. Virus isolated from infrequent plaques at 39 C was found to be revertant. The derivation of these mutants is described in Table 1 .
Replication of the mutants in cell cultures. (i) In monkey cells. The parental virus was previously reported to replicate efficiently at 39 C (9) . All of the mutants induced extensive syncytia at 33.5 C, often with the entire monolayer involved in one nearly continuous syncytium. Little or no virus CPE was observed in mutant-infected cultures incubated at 39 C. No detectable infectious virus was synthesized at 39 C in cells infected with several ts mutants. The replication of other, less stable mutants was approximately 1,000 to 10,000-fold lower at 39 C than at 33.5 C. All mutants were capable of replication at 37 C. The replication of tsA is described in Fig. 1 .
(ii) In human cells. All mutants exhibited little or no detectable virus replication in human conjunctiva cells at 39 C. A 2,000-to >500,000-fold difference in virus yields was observed between 33.5 and 39 C incubation.
Cell penetration by the mutants at 39 C. Although virus adsorption was conducted at room temperature, it is possible that a mutant would be unable to complete the process of cell penetration at 39 C. Mutants were therefore tested for insensitivity to the effects of measlesneutralizing antibody after incubation at the restrictive temperature. Mutant-infected cultures incubated at 39 C prior to the addition of the antiserum did not differ significantly in plaque number from those cultures incubated at 33.5 C ( Table 2 ). All of the mutants, therefore, became refractory to the effects of neutralizing antibody, and the block in virus replication at 39 C was subsequent to cell penetration.
Heat stability of the ts mutants. A highly thermolabile virus variant might be mistaken for a ts mutant because infectious virus would be inactivated as rapidly as it matured, resulting in an inability to detect infectivity. No significant differences in heat stability of virus infectivity were observed between the parental strain and any of the mutants at 39 C. Temperature sensitivity of the mutants could not, therefore, be attributed to a decrease in the heat stability of the virion. (Table 3) . Based upon these observations, the 24 mutants were placed in three complementation groups (see Table 1 ). Twenty-one mutants were placed in group I and two mutants (C and N) were assigned to group II, whereas tsG was the sole member of group III.
RNA phenotype of the mutants. All mutantinfected cells produced infectious progeny after shift-down to the permissive temperature (Table 4 ). Cells infected with group II mutants postinoculation, dialyzed medium containing 25 ug of 5-AC per ml was added, and the cultures were incubated at 33.5 C. The cultures were harvested at 60 h postinoculation, and infectious virus was assayed at 33. 5 C. 'When the cultures were shifted down to 33.5 C at 24 h postinoculation, no 5-AC was present in the medium.
VOL. 16, 1975 on October 18, 2017 by guest http://jvi.asm.org/ Downloaded from synthesized infectious progeny in the presence of 5-AC, suggesting the presence of preformed virion RNA synthesized at 39 C. The levels (15 and 18% of control) were higher than with parental virus (known to be RNA positive at 39 C). Little or no infectious virus was produced in cells infected with group I or group III mutants and shifted to 33.5 C in the presence of 5-AC, indicating little or no virion RNA synthesis at the nonpermissive temperature.
Virus antigen synthesis. All of the mutants induced the synthesis of measles virus antigens at 33.5 C. No antigens, detectable by immunofluorescence, were present in cells infected with any group I or group III ts mutant at the nonpermissive temperature. Only group II mutants (tsC and tsN) were able to induce the synthesis of measles virus antigens at 39 C.
Measles virus nucleocapsid antigens were synthesized in tsN-(or tsC-) infected cells at 39 C as detected by the anti-nucleocapsid serum used in immunofluorescence. When the infected cells were incubated at 33.5 C the fluorescence was usually associated with multinucleated syncytia (Fig. 2A) . On the other hand, when the infected cells were incubated at 39 C the fluorescence was associated with single cells (Fig. 2B) . The large aggregates of nucleocapsid antigens observed in cells incubated at 39 C were probably due to an accumulation of nucleocapsids due to a late maturational defect.
Serum prepared against the small particle hemagglutinin (E. Norrby, personal communication) was reactive with both the hemagglutinin and hemolysin antigens. Measles virus antigens on the surface of cells infected with tsC (or tsN) at 33.5 C were associated with syncytia (Fig. 3A) . When the infected cells were incubated at 39 C, the surface fluorescence was again associated with single cells (Fig. 3B) .
Hemadsorption was performed to determine whether the hemagglutinin antigen was synthesized at 39 C. As was the case with immunofluorescence, the erythrocytes were bound to the surface of syncytia when the cultures were maintained at the permissive temperature (Fig.  4A ) and were adsorbed to single cells when the infected cells were incubated at 39 C (Fig. 4B) . To preclude the possibility that hemadsorption was more sensitive in antigen detection than immunofluorescence, hemadsorption assays were performed on all of the mutants. Ts mutant A, as well as all of the other group I and group III mutants, induced the synthesis of hemagglutinin in cells incubated at 33.5 C (Fig.  5A) , but not at 39 C (Fig. 5B) .
Antiserum prepared against spikeless (trypsin-treated) virions is reactive with both the hemolysin and nucleocapsid antigens (E. Norrby, personal communication). Nucleocapsid antigens are not present at the cell surface (15); therefore, when used for surface fluorescence, this serum was specific for hemolysin antigen. The hemolysin antigen was present on the cell surface of group II mutant-infected cells incubated at 33.5 C (Fig. 6A) ; however, no detectable hemolysin antigen was observed in cells incubated at the nonpermissive temperature (Fig. 6B) . Hemolysin antigens were detected, using these methods, on the surface of cells infected with the parental strain incubated at 39 C. The physiological properties of the ts mutants are summarized in Table 5 . DISCUSSION All mutants exhibited restricted replication at 39 C in both monkey kidney and human conjunctiva cells. The defects responsible for the temperature-sensitive behavior were not subject to host suppression by two dissimilar cell lines. The temperature-sensitive defect of the mutants could not be attributed to an increase in the thermal lability of the virion, as the infectivity of the parental strain was not significantly more heat stable than any of the mutants. Replication of the ts mutants at 39 C was blocked subsequent to cell penetration, as all of the mutants became refractory to measlesneutralizing antibody after incubation at the nonpermissive temperature.
Successful complementation requires that both mutants be present within the same cell in close proximity to facilitate the interaction of gene products. The relatively low infectivity titers of the mutants did not permit multiple infections of single cells. Thus, under these conditions, the complementation analysis of the mutants was not successful. The multiplicity reactivation of UV-irradiated Newcastle disease virus and vaccinia virus was increased in efficiency by the aggregation of the virions by a divalent cation (1, 12) . Furthermore, poly-Lornithine, a polyvalent cation, increases the infectious titer of vesicular stomatitis virus by increasing virus uptake (21) . also obtained for a number of mutant combinations using the formula of Fields and Joklik (6) . The quantitative data confirmed the complementation group assignments based upon the induction of virus CPE. The induction of large multinucleated syncytia was therefore both a valid and reliable criterion for the rapid evaluation of complementation. The assignment of 24 mutants to only three complementation groups most probably resulted from a bias intrinsic to the mutant selection process. All mutants were selected for the inability to produce cell fusion "from within" at the nonpermissive temperature. A mutant capable of cell fusion without the production of infectious virus at 39 C would not be detected by this method. The finding that one complementation group was composed of 21 members suggests that the defective gene common to these ts mutants was highly susceptible to the mutagenic effects of RNA base analogues. We have no evidence that any of these mutants possess defects in multiple genes. To increase the diversity of possible mutants, we plan to change our criterion for mutant selection as well as to use proflavine as the mutagen.
The determination of the RNA phenotype of the mutants by conventional techniques was not successful. Incorporation of tritiated uridine into acid-precipitable material was not significantly greater in actinomycin D-treated, mutant-infected cells than in similarly treated noninfected cells. Possible reasons for these difficulties include an unavoidably low virus input, resulting in a minority of infected cells, as well as an inherent lack of amplification due to the inability of the mutant viruses to spread to neighboring cells at the nonpermissive temperature. The inability of other measles ts mutants to incorporate sufficient radiolabeled uridine to permit an accurate determination of the RNA phenotype has also been reported elsewhere (2) . An indirect method using an RNA base analogue was therefore utilized.
The incorporation of 5-AC-induced defective genomes into virions would result in a decrease in infectious progeny. Thus, an RNA base analogue could be used to detect preformed virion RNA (13) . A mutant that is blocked prior to virus RNA synthesis (RNA negative) could initiate RNA synthesis upon subsequent shiftdown to the permissive temperature. If 5-AC were added to the medium upon shift-down, little or no infectious virus would be produced.
On the other hand, the RNA synthesized by an RNA-positive mutant at 39 C would be available for maturation into infectious virions after shift-down to 33.5 C, even in the presence of 5-AC. The members of complementation group II are therefore RNA positive. These mutants were less inhibited by 5-AC than the parental strain. A possible explanation is that, due to a late maturational defect, the virion RNA was conserved well in tsC-or tsN-infected cells at 39 C, whereas in parental virus-infected cells the genomes were incorporated into infectious particles. The large aggregates of nucleocapsid antigen observed in group II mutant-infected cells at 39 C probably resulted from this conversion of nucleocapsids. Furthermore, there was a correlation between the ability of a mutant to induce the synthesis of measles virus RNA and nucleocapsid antigens at the nonpermissive temperature. This observation is in concert with the theory that paramyxovirus RNA replication may be turned on and regulated by capsid proteins (11) .
Only the members of complementation group II induced the synthesis of measles virus antigens at 39 C, as detected by indirect immunofluorescence and hemadsorption. Measles virus hemagglutinin and nucleocapsid but not hemolysin antigens were detected in cells infected with ts mutant C (or tsN) at the nonpermissive temperature. These antigens were not associated with syncytia when the infected cells were incubated at 39 C, indicating a defect in cell fusion "from within." The finding that these mutants were defective in both cell fusion and hemolysin synthesis at 39 C supports the concept that the cell fusion factor of measles virus and hemolysin are related (3, 14) .
The phenotypic expression of the measles ts mutants correlated well with their genotypic classification. Although it has not yet been possible to distinguish between the in vitro phenotypes of group I and group III mutants, it should be noted that mutant G is the only mutant to induce hydrocephalus rapidly after inoculation of newborn hamsters (10) . We are currently applying our knowledge of measles ts mutants towards an understanding of the biological properties involved in the attenuation of neurovirulence.
